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INTRODUCTION
In animals, apoptosis (or programmed cell death, PCD) is the main mode of cell death during tissue development and homeostasis. It is accepted that diseases such as cancer, immunodeficiency syndromes and neurological disorders not only contribute to alterations in susceptibility to apoptosis, but can also enhance resistance to conventional therapy [1] [2] [3] [4] . This is particularly true of neoplasms. During the progression of cancer, transformed cells are subjected to a large number of apoptotic stimuli that are the consequence of stress, such as oncogene stimulation, genotoxic damage or hypoxia [5] . Apoptosis can be induced by extrinsic factors, such as ligands for cell surface death receptors, or intrinsically through the response to damage and stressinducing stimuli [6, 7] . Activation of the intrinsic apoptotic pathway, also termed the mitochondrial apoptotic pathway, plays a key role in mediating the response to stress stimuli. In most cases, cells undergo apoptosis via the mitochondrial pathway. This pathway is regulated by proteins of the Bcl-2 (B-cell leukemia/lymphoma-2) family through complex interactions that dictate the integrity of the outer mitochondrial membrane (OMM) [8] . It is initiated by mitochondrial outer membrane permeabilization (MOMP), an important event that results in the release of soluble proteins (e.g. cytochrome c, Smac/DIABLO) into the cytosol [9, 10] . Cytochrome c can then engage the adapter protein Apaf-1 to oligomerize into the place of caspase-9 activation called the apoptosome [11] . Active caspase-9 cleaves executioner procaspases-3 and -7 [9, 12] . Active caspases-3 and -7 cleave a large number of cellular substrates, which results in cellular destruction [13] . The Bcl-2 family proteins are functionally classified as either anti-apoptotic or pro-apoptotic on the basis of their functions and the number of Bcl-2 homology (BH) domains [14] [15] [16] . These proteins may share 1 to 4 BH domains. The antiapoptotic Bcl-2 proteins, including Bcl-2, Bcl-X L , Mcl-1, Bcl-w and A1/Bfl1, usually contain 3 or 4 BH domains. The pro-apoptotic Bcl-2 family members are divided into multidomain effector proteins, such as Bax (Bcl-2 associated protein x), Bak (Bcl-2 antagonist killer) and Bok (Bcl-2 ovarian killer), and the BH3-only proteins, which possess only 1 of 4 BH domains. The BH3-only proteins form the largest subgroup. They share an amphipathic α helical BH3 domain. BH3-only proteins, such as PUMA/BBC3 (p53 up-regulated modulator of apoptosis/Bcl-2 binding component 3), Bid (Bcl-2 interacting domain death antagonist) and Bim/Bod (Bcl-2 interacting mediator of cell death/Bcl-2-related ovarian death gene), are apical sensors of diverse apoptotic signals that function to inhibit Bcl-2 family anti-apoptotic proteins (Bcl-2 like) and activate Bax/Bak [15, [17] [18] [19] [20] [21] [22] [23] [24] . BH3-only proteins bind to anti-apoptotic proteins by inserting their BH3 domain into the hydrophobic pocket made by the folding of the BH1, BH2 and BH3 domains of inhibitory Bcl-2 family members [14] . These proteins are latent killers that need to be activated. Their activation mechanisms include a variety of transcriptional pathways and post-translational modifications [22] . Some of the proteins of this subgroup, i.e. PUMA, NOXA (phorbol-12-myristate-13-acetate-induced protein 1 or PMAP1) and Bik (Bcl-2 interacting killer) are transcriptionally up-regulated by p53-dependent or p53-independent transcription factors [23, 24] . This review focuses on the main achievements made regarding the structure and functions of PUMA during the decade since its discovery [25] [26] [27] .
PUMA GENE AND PROTEIN STRUCTURE
PUMA was firstly cloned in 2001 by two independent laboratories as a transcriptional target of p53 through global gene expression profiling using microarrays or serial analysis of gene expression approaches [25, 26] . In the same year, Han et al. identified the bbc3 gene (Bcl-2 binding component 3) using a yeast two-hybrid screening that corresponds to the PUMA cDNA [27] . Importantly, bbc3 mRNA was induced by p53-dependent and p53-independent apoptotic stimuli, including dexamethasone treatment of murine thymocyte and deprivation of serum or growth factors in several cancer cell lines. These data support the idea that the regulation of PUMA/bbc3 mRNA levels, and thus the pro-apoptotic activity of the encoded PUMA protein, represents a common target in different cell death pathways [27] . The PUMA gene (19q13.3) leads to the expression of pro-apoptotic BH3-only protein, which was originally named SEPUKU [26] or JFY-1 [28] . RT-PCR studies indicated that PUMA was expressed at low but similar levels in all of the examined tissues. Vogelstein's laboratory observed a significant induction of the new gene after infection with an adenovirus encoding wild-type p53 of four colorectal cancer cell lines [25] . A high level of PUMA activity was also confirmed in SAOS-2-p53 and H1299-p53 cells following their treatment with doxycycline [26] . Actinomycin D-induced activation of endogenous p53 in the tumor cell lines RKO, MCF-7 and U2OS also resulted in an elevation in PUMA expression. Importantly, this activation did not occur in RKO cells expressing human papillomavirus E6 protein, where p53 was inactivated by degradation. The length of the PUMA transcript is about 1.6-1.9 kb. PUMA has been reported to encode four different forms, α, β, γ and δ, but only PUMA α and PUMA β, which contain the BH3 domain, display pro-apoptotic activity. Both proteins differ only in the N-terminal region of chain. They can interact with Bcl-2 family members in the mitochondrial membrane to drive cytochrome c relocation from the mitochondria to the cytoplasm and activate procaspases-9 and -3 [26] . Yu et al. described that the PUMA transcript (1.9 kb) contains four exons (1a, 2, 3 and 4) with a presumed initiation codon in exon 2 (Fig. 1A) [24, 25] . The predicted length of the main protein encoded by transcript 4 was 193 amino acids. PUMA revealed no significant homologies to other known proteins, except for those containing the BH3 domain. An alignment of the sequence of human and mouse PUMA indicated about 90% identity [25] . PUMA possesses two functional domains: the BH3 domain; and the mitochondrial localization signal (MLS), which is localized in the C-terminal region of the molecule [28, 29] . The C-terminal structure has still not been precisely determined. A phylogenetic analysis of the BH3 domain-containing members shows the presence of a seven-amino acid motif (the core LXXXGDE, where X is any amino acid, although neither Gly nor Glu are strictly conserved). Recently, based on structural and sequence studies, a 13-amino acid consensus sequence has been suggested, but without strict conservation (Fig. 1B) [16, 30] . It has been accepted that Leu and Asp, the most conserved elements of the "classic core", appear to be key residues in the interaction with the pro-survival Bcl-2 proteins [16, 18, 30] . Genetic experiments revealed consensus p53-binding sites (CBSs) within intron 1, namely BS1 and BS2, respectively located at 230 and 144 bp upstream of the transcription start [25] . Two distinct activation domains were described in the structure of p53, ADI and ADII. Both are needed for PUMA activity depending on the studied cellular systems. Using adenoviralmediated gene delivery, reconstitution experiments and mice carrying a knock-in mutation in the p53 gene, it was demonstrated that the ADI of p53 is crucial for the induction of several apoptotic genes, including PUMA in neuronal cells. The target NOXA and Apaf-1 genes could be effectively induced by either of the two activation domains. Interestingly, ADI and ADII are required for the significant increase in PUMA gene activity and induction of the PUMA protein that can drive the apoptosis of neuronal cells [31] . It has been demonstrated in a localization study with MitoTracker dye that human PUMA colocalized with this dye in mitochondrial membrane, where it interacts with anti-apoptotic Bcl-2 family members to activate the pro-apoptotic proteins Bax/Bak and trigger mitochondrial dysfunction [28, 32, 33] . This is followed by the release of pro-apoptotic mitochondrial proteins, including cytochrome c and Smac/DIABLO, leading to caspase activation and cell death. PUMA was shown to be targeted at mitochondria by the C-terminal hydrophobic domain, where the MLS motif is present [28, 29] . The generation of several PUMA mutants after transient transfection in U2OS cells revealed that either mutation in the BH3 domain or deletion of the C-terminal 43-amino acid region resulted in the loss of pro-apoptotic capacity. Interestingly, deletion mutants without the last 43, 36 or 29 C-terminal amino acids retained apoptotic activity that was comparable with that of wild-type PUMA but abrogated their exclusive mitochondrial localization [29] . PUMA mediates apoptosis induced by both nuclear and cytoplasmic p53. It binds to the inhibitory proteins Bcl-2 and Bcl-X L via its BH3 domain and reveals their inhibitory effect on the pro-apoptotic Bcl-2 family members Bax and/or Bak [33, 34] . This member of the BH3-only subgroup also drives apoptosis induced by p53-independent signals, such as growth factor deprivation or exposure to glucocorticoids or phorbol ester [23, 27] . Frequent deletion encompassing the PUMA locus in chromosome 19q13.3 was reported in a large number of neoplasms including B cell malignances and neural, colorectal and ovarian cancer cell lines [24, 25] . Very recently, RNA interference mechanisms have been shown to regulate apoptosis directly by targeting PUMA in glioblastoma, A549 lung and MCF-7 breast cancer cell lines via microRNA-221 and microRNA-222 [35, 36] .
REGULATION OF PUMA ACTIVITY
PUMA is characterized by very highly efficient pro-apoptotic action. It is believed that it is one of the most powerful "killers" among the BH3-only proteins of the Bcl-2 family. The process of apoptosis conducted with the participation of PUMA is highly effective. Cancer cells are eliminated in the time span of a few hours [23, 24, 28] . PUMA functions are induced by various stimuli as a crucial mediator of p53-dependent and p53-independent apoptosis. Such complexity of PUMA functioning in the organism results from the fact that this protein is involved in a variety of disorders and pathological processes [23, 24] . Regulation of PUMA expression during PCD is orchestrated with the involvement of different transcription factors. One of the best known and most important regulators of PUMA is p53, which is described as tumor suppressor protein [23] [24] [25] [26] [27] [28] 37] . Regulation of PUMA activity may also be determined by the activity of p73 [38, 39] , Sp1 [38] , FoxO3a [40, 41] , E2F1 [39, 42] , CHOP [43] [44] [45] [46] [47] [48] , TRB3 [24] , AP-1 [48] and c-Myc [49, 50] .
PUMA IN p53-DEPENDENT APOPTOSIS
PUMA represents one of the most potent pro-apoptotic BH3-only proteins. It is a key mediator of p53-dependent apoptosis (Fig. 2 ). The mutual cross-talk between p53 and PUMA is an excellent mechanism for preventing the growth and division of abnormal cells, thereby protecting them against the development of cancer [51] . p53-dependent activation of PUMA function occurs when cells receive a wide variety of stress signals. These include genotoxic agents such as UV, γ-IR, double-and single-stranded DNA breaks, purine analogues, and topoisomerase inhibitors, which are used as chemotherapeutic agents. The elevated expression of PUMA in cells through p53-dependent induction is also noticed in the response to oxidative stress, neurotoxins, changes in microtubule structure, deficiency of growth factors, hypoxia and viral infection [24, 25, [52] [53] [54] . Yu et al. [28] compared apoptosis induction in human colorectal cancer cells (HCT116 line) with targeted disruptions of both alleles of PUMA (PUMA -/ -) and p21 (p21 -/ -). The results revealed that these cells exhibited disorders of cell cycle control and did not undergo apoptosis, even in the presence of p53. Subsequent experiments carried out on the cell line HCT116 also showed that the absence of PUMA caused their high resistance to apoptosis induced by DNA-damaging agents, such as adriamycin, 5-fluorouracil, cisplatin, oxaliplatin, UV and γ-IR [24] . The effects of PUMA absence were also evaluated in mice exposed to γ-IR. Activation of PUMA expression in these conditions is strictly controlled by p53. Tests were performed in different cell types -fibroblasts, neurons, thymocytes and intestinal progenitor cells [23, 55, 56] . During their development, PUMAdepleted mice showed normal appearance and body weight and normal appearance of major internal organs. They lived for at least one year. These data suggest that the loss of the gene and consequent lack of the PUMA protein did not result in an increased tendency to develop cancer. However, those mice that did not synthesize p53 (p53 -/ -) lived for a significantly shorter period (about 6 months). The rodents were characterized by high susceptibility to spontaneous tumors, particularly thymic lymphomas [55] . The obtained results indicated that murine cells from various PUMA-depleted tissues had high resistance to apoptosis. In the absence of PUMA, there was no mobilization of the p53-dependent PCD, even if the mice were subjected to considerable DNA damages [23, 55, 56] . Fig. 2 . PUMA is an essential mediator of p53-dependent and -independent apoptosis. p53 induces either cell cycle arrest or apoptotic death. PUMA is implicated in p53-dependent apoptosis induced by p53-independent stimuli such as glucocorticosteroids, ischemia/reperfusion, kinase inhibitors, phorbol esters and serum starvation. Binding of the Bcl-2 like proteins by PUMA via its BH3 domain (triangle) leads to activation and oligomerization of Bax/Bak followed by transmission of apoptotic signals via the mitochondrial pathway. p21 protein is identified as an essential mediator of p53-induced cell cycle arrest.
It has recently been demonstrated that the transcription factor p53 is required for transcriptional induction of PUMA in response to DNA damage [57] . HCT116 colorectal cancer cells with a targeted deletion of the p53-binding sites in the PUMA promoter did not undergo apoptosis induced by DNA damage, even in the presence of p53. These results revealed that p53-dependent transcriptional activation of PUMA requires the presence of p53-binding sites in the PUMA promoter. p53, described as a "guardian of the genome" [53, 54] , is engaged in tumor growth inhibition. In the course of all genetic instabilities and DNA damage, p53 protein molecules operate in two ways: they can contribute to the inhibition of the cell cycle and DNA repair; or they can cause apoptosis by activating the transcription of several genes, including PUMA. Recent studies have reported that p53-dependent regulation of pro-apoptotic PUMA expression and subsequent apoptosis are dependent on the functioning of glycogen synthase kinase-3 (GSK-3) and the acetyltransferase Tip60. These enzymes are involved in the control of p53 function choice between cell cycle arrest and apoptosis [58] [59] [60] . GSK-3 is a serine/threonine kinase that exists in two isoforms, α and β [60, 61] . It is believed that it acts primarily as a promoter of PCD [61] . GSK3 activity is controlled via the PI3K pathway, through inhibitory phosphorylation by AKT. Inhibition of PI3K contributes to the increased activity of GSK-3. Very recently described results indicate that GSK-3 activity is required for the induction of p53-dependent PUMA [58] . The pharmacological inhibition of GSK-3, or kinase gene mutagenesis (GSK-3 -/ -), contributes to the elimination of PUMA expression and causes long-term survival of cells exposed to γ radiation. The active GSK-3-controlled, p53-dependent expression of PUMA in DNA damage also requires the participation of the above-mentioned acetyltransferase Tip60. Kinase assays demonstrated that GSK-3 phosphorylation of Tip60 on Ser86 induces its acetyltransferase activity. The activated form of Tip60 directly acetylates p53 on Lys120 and mediates the acetylation of histone H4 at the PUMA promoter. As revealed in previous studies [59, 60] , phosphorylation of p53 on the Lys120 residue, which is located within the DNA-binding domain, is required for p53-dependent induction of PUMA expression during DNA damage induced by genotoxic agents. Inhibition of Lys120 acetylation by mutations in p53 or Tip60 reduced the level of p53-dependent transcription of PUMA. To sum up, the fate of cells with genetic instability and the role played by p53 are affected by GSK-3 and Tip60. The enzymatic activity of these two proteins is required for p53-dependent induction of PUMA and apoptosis. It is interesting that GSK-3 affects the PUMA gene with high specificity. Importantly, no influence of GSK-3 has been observed on the expression of other pro-apoptotic p53 target genes, such as NOXA and Bax [58] . GSK-3 is also involved in hepatocyte lipoapoptosis caused by non-alcoholic fatty liver disease. During this pathological condition, which can lead to hepatocellular carcinoma, activation of JNK kinase is dependent on GSK-3. This kinase promotes hepatocyte PCD predominantly by inducing PUMA expression. It was described that inhibition of GSK-3 results in a reduction in JNK activity, a decrease in PUMA activity and a consequent attenuation of hepatocyte lipoapoptosis [61] .
PUMA IN p53-INDEPENDENT APOPTOSIS
The published data indicate that PUMA plays a significant role in p53-independent apoptosis during cytokine/growth factor withdrawal, which is a strong signal for apoptosis (Fig. 2) . The increase in the PUMA expression level under these conditions is due to the activity of transcription factors such as FoxO3a, Sp1 or p73 [27, 38, 40] . Cells with deletion of PUMA (PUMA -/ -) were resistant to apoptosis during the deficiency of cytokine/growth factors or following serum starvation [38, 40] . The pro-apoptotic activity of PUMA is also involved in the removal of damaged cells under conditions of ischemia/reperfusion. These conditions can lead to irreversible damage in cells and tissues, heart attack, and neurological diseases [43, 46, 47] . Alterations in PUMA p53-independent expression and apoptosis of damaged cells were described under such conditions. The elevated gene expression may be due to the generation of reactive oxygen species (ROS), endoplasmic reticulum stress (ER stress) induced by ATP deficiency, disorder in calcium levels and tissue acidosis [46] . It is not entirely clear how the activation of PUMA expression occurs during ischemia/reperfusion. The major transcription factors engaged in PUMA expression in these pathological conditions seem to be: E2F1, p73 and the ER stress-specific transcription factor C/EBP homologous protein (CHOP) [43, 46, 47] . As mentioned above, ER stress can also lead to apoptosis running with the involvement of PUMA [44, 45, 48, [62] [63] [64] . The increase in the PUMA mRNA level and activity of the encoding protein during endoplasmic reticulum dysfunctions were examined in various cell types, such as human hepatoma cells (Huh-7) [48] , HCT116 cells [63] , human melanoma cells [64] , neonatal cardiac myocytes [45] and mouse embryo fibroblasts (MEFs) [44] . Regulation of PUMA transcription during ER stress occurs mainly without the participation of p53 [64] . The appropriate level of PUMA mRNA is regulated by the transcription factors, such as CHOP, E2F1, TRB3, and AP-1 [24, 44, 45, 48, 62] . It is likely that PUMA expression control depends on cell types in these pathological conditions [64] .
Immune modulation, infections
PUMA is also involved in the complex mechanism of the immune response. PUMA-dependent induction of PCD is reported after bacterial and viral infections [65] [66] [67] . Recently, an increased expression of PUMA and NOXA has been described in gastric epithelial cells infected with Helicobacter pylori [65] . Cell response to bacterial infection increased with the activity of the p53 transcription factor family, particularly a robust up-regulation of p73. The appropriate balance between cell death and the development of immune cells is a prerequisite for its homeostasis. The immune response comes with strong T cell proliferation. The T cells subsequently develop into effector cells. After elimination of the pathogen, it is necessary to reduce the number of T cells through apoptosis. This process is a key step during the shutdown of an acute immune response. Two BH3-only proteins are primarily responsible for T cell apoptosis: Bim and PUMA. Loss of Bim and/or PUMA causes significant changes in cell levels in various hematopoietic compartments [24, 52] . These proteins ensure the proper functioning of the immune system and prevent pathological conditions such as neoplasia or autoimmunity [68] [69] [70] [71] . The results of experiments on mice infected with human herpes virus (HSV-1) revealed that T cells isolated from animals lacking PUMA were characterized by an abnormally long life span. These cells did not undergo apoptosis. The obtained data indicate a key role of PUMA in immune response regulation. Control of PUMA transcription in antigen-activated T cells that undergo PCD is driven mainly by p53 and FOXO3a transcription factors [68] [69] [70] .
Changes in redox status
Interestingly, stimuli that alter redox status, including oxidative stress, anoxia, hypoxia and ROS generation, can up-regulate PUMA expression with the involvement of p53 and/or other transcription factors [24, 72] . The participation of PUMA in the rapid induction of cell apoptosis with oxidative damage is a strong defense mechanism and essential to maintain homeostasis. PUMA plays a major role in the removal of neuronal cells affected by neurodegenerative disorders such as Alzheimer's disease, Parkinson's disease or amyotrophic lateral sclerosis [72] .
POST-TRANSLATIONAL REGULATION OF PUMA
Little is known about the post-translational regulation of the pro-apoptotic activity of PUMA. The first results that provided undeniable evidence that this protein is subject to post-translational control by phosphorylation came from Ryan et al. [22] . Phosphorylation of the described BH3-only protein appears to be another very important point of control and decision of cell fate. As demonstrated, PUMA phosphorylation may occur in response to serum and interleukin-3 (IL-3) stimulation [73] . Thin-layer chromatography (TLC) of PUMA from transiently transfected HeLa cells with constructs encoding N-terminally HA-or Flag-tagged PUMA indicated that this protein is phosphorylated on Ser residues in multiple sites, i.e. 9, 10, 36, 96, 106 and 166, with the major site of modification being Ser10. None of the threonine or tyrosine residues are phosphorylated [22, 73] . Post-transcriptional modification by phosphorylation at Ser10 promotes protein turnover, represses PUMAinduced cell death, and promotes cell survival. Interestingly, it was described that mutation of Ser10 (to Ala) increased the half-life of PUMA, suggesting that phosphorylation at this residue destabilizes the protein, thereby keeping its apoptosis-inducing potential in check. This extremely important discovery contributes to a better understanding of the functioning of one of the strongest apoptotic killers. As demonstrated in a study of kinase assays, PUMA phosphorylation (Ser10) occurring at IL-3 signaling is responsible for IKK1 (IκB kinase 1) activity. It forms part of the anti-apoptotic signaling complex IKK1/IKK2/Nemo. IKK1 belongs to a family of kinases engaged in promoting cell proliferation and survival. Through the phosphorylation of the inhibitor of NFκB, IκB, it indirectly regulates the transcriptional activation of this transcription factor's target genes. The IKK1 activation pathway involves IL-3 receptor signaling, but this mechanism is still not precisely understood. It is likely that induction of IKK1 activity requires the presence and participation of a number of multiple components downstream of the IL-3 receptor. It remains unknown how other phosphorylation sites affect PUMA function.
PUMA AND APOPTOSIS
Ten years ago, scientists [25] [26] [27] discovered a PUMA protein that binds to the anti-apoptotic members of Bcl-2 family with high affinity. It is not surprising that the pro-apoptotic activity of PUMA also cooperates with that of the other members of this large family. Induction of apoptosis by PUMA is associated with the mitochondrial pathway and therefore also with two key multidomain pro-apoptotic proteins, Bax and Bak. It was observed that the total loss of Bax and Bak results in increased cell resistance to apoptosis [74, 75] . PUMA ensures their correct placement in the outer mitochondrial membranes, thus contributing to their activation [76] [77] [78] . In the active conformation, both proteins form ion channels in the mitochondrial membranes. These events ultimately lead to permeabilization of the outer membranes in the mitochondria and the release of apoptogenic factors such as cytochrome c, Smac/DIABLO and caspases from the intermembrane space of these organelles [20, [79] [80] [81] . Although a decade has passed since the discovery of PUMA, there are still some questions with no clear answers. One of them is how PUMA activates Bax and Bak thus leading to MOMP. The controversial question is whether PUMA serves as the direct or indirect activator (sensitizer/de-repressor) of the mitochondrial apoptosis pathway. At present, there are two main hypotheses concerning BH3-only proteins and their involvement in the activation of Bax and Bak: the direct activation model and the indirect activation model, which is also called the displacement model.
Direct activation model
In the direct activation model, BH3-only proteins are divided into distinct subgroups. The first group is called activators and includes Bim, tBid and PUMA. Activators can bind to Bax and/or Bak directly and lead to their activation. The remaining BH3-only proteins form a second subgroup known as sensitizers or de-repressors. These include Bad, Noxa, Bik, BMF (Bcl-2 modifying factor), HRK (activator of apoptosis harakiri) and PUMA, which can probably act both as an activator and sensitizer/de-repressor. These proteins bind exclusively with the anti-apoptotic proteins of Bcl-2 family. Their function is to neutralize antiapoptotic members of Bcl-2 family and to allow the subsequent release of the inhibited activators [15, 17, 20, 75, [81] [82] [83] [84] [85] .
Recently published data [76, 77] revealed that PUMA can directly activate Bax and Bak in a similar manner to tBid and Bim. The presence of the BH3 domain enables direct interaction of PUMA with Bax and Bak, ultimately leading to their activation, insertion into the mitochondrial outer membrane and homooligomerization. In living cells, the pro-apoptotic proteins Bax and Bak are maintained in an inactive state. Bak is permanently embedded in the MOM via its C-terminal α9 helix and interacts with mitochondrial channel VDAC isoform (VDAC2), which maintains molecules of this protein as inactive monomers [76, 86] . Bax is located in the cytosol in an inactive, globular monomer form. Its C-terminal α9 helix, which is responsible for anchoring Bax in MOM, is associated with and blocked by the canonical BH3-binding groove [76] . Interestingly, a novel BH3-binding site sequence has been identified. It is composed of helix α1 and α6 of Bax/Bak [87] . Upon receipt of apoptotic signal(s) by the cell, PUMA as a BH3-only direct activator begins the process of activation of Bax/Bak. Its BH3 domain associates with the Bax/Bak interaction α1/α6 site, resulting in the conformational change of the multidomain proapoptotic proteins. PUMA attacks the α1 helix of Bax exposing its N-terminal region, followed by the release of the C-terminal α9 helix of Bax from the canonical BH3-binding groove and the anchoring of the protein in the MOM. In the case of Bak, the stage of C-terminal α9 helix release is omitted due to the mitochondrial localization of this protein. After a conformational change of Bax and Bak, PUMA is associated with their N-terminally exposed α1 helix, which leads to the homo-oligomerization of Bax and Bak. The final result is PUMAdependent activation of Bax and Bak followed by the formation of ion channels in the MOM and by the management of the mitochondrial pathway of apoptosis [76, 77] .
Indirect activation model
The indirect activation or displacement model postulates that Bax and Bak are constantly active, even in living cells. Therefore, they must be inhibited by antiapoptotic proteins to prevent spontaneous apoptosis. The role of BH3-only proteins is to displace and release Bax and Bak from the anti-apoptotic protein heterodimers and further to promote PCD [15, 17, 20, 75, [81] [82] [83] [84] [85] . Thus, apoptosis occurs only when all the anti-apoptotic molecules are effectively neutralized by the BH3-only proteins. Each of the BH3-only proteins has a specific affinity for the anti-apoptotic members of Bcl-2 family [81] . Only PUMA, tBid and Bim have comparable high affinities to all anti-apoptotic proteins of Bcl-2 family [17, 18, 81, 85, 88] . In the indirect activation model, these three proteins constitute the main "killers" among all the members of the BH3-only subgroup. They can very quickly and efficiently run the apoptosis pathway in cells by direct neutralization of all anti-apoptotic proteins [17, 75] . The results of numerous experiments indicate the involvement of PUMA in the indirect activation model, or as a de-repressor/sensitizer in the direct activation model [76, 77, [89] [90] [91] . This protein binds to all the anti-apoptotic Bcl-2 family members (Bcl-2, Mcl-1, Bcl-X L , Bcl-w, and A1) with high affinity, causing their inactivation and Bax/Bak liberation, leading to mitochondrial dysfunction, manifested as MOMP and PCD [17, 18, 81, 85] . To start apoptosis, PUMA can also activate the cytosolic form of p53 [92] [93] [94] . PUMA couples the nuclear and cytoplasmic pro-apoptotic functions of p53 [94] . In cells growing properly and in the absence of cell stress, cytosolic p53 is kept inactive by sequestration with the cytosolic anti-apoptotic protein Bcl-X L . After receiving apoptotic signals, such as DNA damage, UV/γ-IR or mutations of oncogenes, nuclear p53 is activated. It acts as a transcription factor, activating transcription of its target gene, PUMA. In the next phase, PUMA releases the cytosolic p53 from the Bcl-X L inhibition complex by forming a new one, Bcl-X L /PUMA. Free cytosolic p53 molecules are able to activate monomeric Bax in the cytosol and, consequently, induce the mitochondrial pathway of apoptosis [92] [93] [94] [95] . Experiments performed in MEFs with mutant p53 and cytosolic Bcl-X L that bound p53 but not PUMA showed that the cells were resistant to p53-induced apoptosis even in the presence of pro-apoptotic protein. Apoptosis was possible only in wild-type MEFs that lacked mutant Bcl-X L . The results of this research indicate that the release of cytosolic p53 from Bcl-X L complex inhibition by PUMA is necessary to start apoptosis [94] .
PUMA IN CARCINOGENESIS
Apoptosis constitutes one of the main safeguards against carcinogenesis [96, 97] . The Bcl-2 family is one of the major regulators of the mitochondrial pathway of apoptosis. Mutual quantitative regulations and an appropriate balance between pro-and anti-apoptotic proteins provide tissue homeostasis. Overexpression of proteins that promote survival or loss of apoptogenic factors is associated with cancer development [15] . A large number of results have shown that PUMA dysfunction occurs in many cancer types. There is often a complete observable lack of PUMA expression associated with mutation or deletion of p53. Loss of p53, which acts as a transcription factor, is confirmed in more than 50% of human cancers. The result of such events is the total abolition of PUMA induction expression, and thus, the resistance of tumor cells to PCD induced by UV, γ-IR, DNA damage and a large number of chemotherapeutic agents [98] . The deficiency of PUMA expression in cells undergoing neoplastic transformation can also be caused by complete deletion of the long arm of chromosome 19 (19q13.3) , where the gene encoding this protein is located. Such aberrations were reported in the case of gliomas, neuroblastomas, certain types of B-cell lymphomas, and head and neck cancers [52, 99] . During B-cell lymphomagenesis, the inactivation of PUMA expression inhibited by epigenetic mechanisms associated with an increase in its methylation was detected [50] . PUMA activity correlated with its participation in malignant cell apoptosis can also be abolished by overexpression of anti-apoptotic Bcl-2 family proteins. Imbalance within the complex interactions of the members of the Bcl-2 family, which is manifested by the increased level of proteins that promote survival, results in a lack of PUMA-dependent apoptosis in cancer cells, even when it is present [15] . It is worth emphasizing that in all the human tumors examined so far, no mutations have been detected directly within the PUMA gene. Therefore, this gene itself is not a direct target for mutagenesis during carcinogenesis [52, [99] [100] [101] . Genetic studies of PUMA from head, neck and lung carcinoma cell lines revealed that this gene is not a direct target of inactivation in these cancers. Similarly, mutational analysis of PUMA also showed that mutation is not a key event in inactivation during hepatic or colorectal carcinogenesis. There have also been no somatic mutations detected in the BH3 domain that could contribute to the inactivation of pro-apoptotic activity of PUMA [100, 101] . Deregulation of apoptosis with the participation of PUMA is also revealed very frequently in lymphoproliferative diseases. Genetic studies have shown the rapid development of lymphomas induced by myc oncogene product in murine cells with PUMA deficiency (PUMA -/ -) [50, 102] . It is estimated that about 40% of patients with Burkitt's lymphoma (BL) are characterized by very low or even undetectable levels of PUMA expression. The same is true for some tumors associated with DNA methylation. Such pathology in the BL cells is caused by epigenetic mechanisms, where there is hypermethylation of four CpG sites arranged within the promoter and the exons of PUMA. PUMA harbors an unusually high CpG dinucleotide content (55-76%) within its promoter and coding regions. The result is uncontrolled and excessive attachment of methyl residues, which is followed by gene expression silence and resistance of malignant cells to the type of apoptosis dependent on this protein. The use of inhibitors of DNA methyltransferases restored the normal activity of its gene and resulted in a significantly increased level of PUMA transcripts [50] . Recently published reports have also provided relevant information on the functioning of microRNAs (miRNAs or miR) as regulators directly targeting PUMA. It appears that some of these small non-coding RNAs (~22 nt) in addition to negatively regulating p27 and p57, also affect PUMA mRNA translation in glioblastomas (several cell lines) [36] , lung cancer (A549 line) and breast cancer (MCF-7 line), which are common forms of human epithelial cancers [35] . miR-221/222 molecules directly interact with putative binding sites in 3'UTR PUMA mRNA, leading to translational inhibition and repression of this pro-apoptotic protein, and induce cell survival and tumor progression. Silencing of miR-221/222 resulted in the restoration of pro-apoptotic activity of PUMA and induction of glioblastoma, MCF-7 and A549 cell apoptosis, and consequently in the inhibition of tumor growth. Additionally, it was demonstrated that miR-221/222 molecules are also important regulators of hepatocyte apoptosis in fulminant liver failure [103] . Overexpression of these molecules led to abrogation of mouse liver cell apoptosis through negative regulation of PUMA at the post-transcriptional level and to inhibition of protein translation. miR-221/222 may therefore be a potential therapeutic target in the treatment of hepatitis and liver failure, glioblastoma and epithelial cancers [35, 36, 103] . PUMA operates as one of the strongest inducers of apoptosis and one of the most effective "security guards" against the development of cancer. However, very recent studies provide surprising new information on the role of PUMA in certain cancer types, emphasizing the "dark side" of the function of this proapoptotic molecule. Surprisingly, it turns out that genetic ablation of PUMA paradoxically leads to a protective effect for hematopoietic stem/progenitor cells (HSPCs) against γ radiation and the induction of mutations in these cells [104, 105] . This inhibits the development of lymphomas [106, 107] and hepatocellular carcinoma under certain conditions [108] . This phenomenon is referred as "the PUMA paradox" [109] . Murine HSPCs that were defective in p53-induced apoptosis due to the loss of its target gene PUMA (puma -/ -) and that had DNA damage induced by γ-irradiation were resistant to IR-induced lymphomagenesis and failed to form thymic lymphomas. Inhibition or absence of PUMA led to long-term survival of mice exposed to high-dose irradiation. Moreover, under such conditions, no increased risk of developing cancer was found. In wild-type cells, DNA damage caused by IR induced p53-dependent activation of PUMA. PUMA protein induced apoptosis of HSPCs with damaged DNA thereby promoting the formation of thymic lymphomas [104] [105] [106] [107] . Interesting results were obtained in a diethylnitrosamine-induced (DEN-induced) liver carcinogenesis model. DEN treatment induced p53-independent PUMA expression, but required the JNK1/c-Jun pathway, PUMA-dependent hepatocyte apoptosis and compensatory proliferation led to the development of hepatocellular carcinoma. In the case of inhibition or deletion of JNK1/PUMA, there occurred ablation of carcinogenesis and attenuated initiation of DENinduced apoptosis in hepatocellular carcinoma cells [108] . The "PUMA paradox" is explained by the activity of HSPCs, which can create or give rise to the conditions favorable for cancer development during apoptosis. Apoptosis of cells containing the mutation(s) simultaneously induces compensatory proliferation of neighboring HSPCs in order to regenerate tissues and organs. The described event is referred as the "Phoenix Rising" pathway and proceeds with the participation of active caspase-3 and -7 and phospholipase A2 [110] . It thus contributes to the proliferation of HPSCs with cancer-causing mutations that are not subordinate to apoptosis. This may create favorable conditions for an accumulation of secondary mutations in cells and may allow the spread of genome instability and ultimately malignancy. Amplification of residual damage is limited, which results in preserved genome stability and tissue homeostasis as well as a lack of tumor growth [109, 111, 112] .
CONCLUSIONS
Deregulation of apoptosis is implicated in numerous disease states, including cancer, degenerative disorders and autoimmunity. Importantly, alterations in apoptotic signaling contribute to carcinogenesis and confer resistance not only to physiological apoptotic signals but therapeutic options as well. The overexpression of anti-apoptotic Bcl-2 family members is a common feature in numerous cancers. Cancers can be inhibited by pro-apoptotic Bcl-2 family members, such as PUMA, which is the only protein able to bind and antagonize all five inhibitory members of the Bcl-2 family. At present, very exciting experiments have started to obtain a precise picture of PUMA-inhibitory Bcl-2 protein interactions. A detailed understanding of these interactions and the mechanisms of regulating PUMA expression might be of paramount importance for the treatment of human diseases in which expression of this protein plays an essential role.
